More than 200 million tons of cellulosic agricultural wastes are produced each year in the United States. Naturally, the disposal of such a large quantity presents problems. Much of this waste is disposed of by burning, but such a method has been increasingly under criticism because of the air pollution that results. Many cities and states have totally or partially banned the open burning of straw and similar cellulosic agricultural wastes.
Straw contains components such as cellulose and hemicellulose, which could make it desirable as an animal feed, especially for ruminants. Unfortunately, its low digestibility and low protein content presently prevent its use in feedlots.
Various methods have been advocated for enhancing the digestibility or the nutritive value of straw. For example, digestibility can be increased by treating the straw with sodium hydroxide. The nutritive value of straw can be supplemented by adding a nonprotein nitrogen source (14) . In addition, many efforts have been made to produce single-cell protein by applying submerged microbial fermentation to cellulosic substrates (3, 4) . The above methods, however, have disadvantages either because they are too expensive or because they do not yield products of acceptable food value and digestibility, or both.
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sake, and tempeh are examples. In the United States the semisolid fermentation technique has been adapted for mycotoxin production (5, 7). This process, unlike that of submerged fermentation, requires no complex fermentation controls or expensive dewatering for the product harvest. Thus, the semisolid fermentation process appears to be ideal for processing grass straw for high protein animal feed. In this investigation, a semisolid fermentation was carried out on ryegrass straw, and conditions of pretreatment, fermentation patterns, and the characteristics of the fermented product were studied. (11) . NH3-N was determined by the method described by Jackson (6) Total sugar was determined by the phenolsulfuric acid method (10) , and reducing sugar was determined by the dinitrosalicilic acid method (12) . Cellulose, hemicellulose, lignin, and ash were determined by the method of Goering and Van Soest (2). Unless otherwise specified, all other chemical analyses were carried out by the methods of the Association of Offilcial Agricultural Chemists (1) .
MATERUILS AND METHODS
Digestibility. In vitro rumen digestibility (IVRD) was determined by the modified method of Mellenberger et al. (9): 0.5 g of substrate and 35 ml of rumen fluid were placed in a 50-ml screw-capped bottle and incubated for 2 to 3 days at 39 C. Rumen fluid was obtained from a Holstein bull and mixed with a mineral-and-buffer mixture described by McDougall (8) at a ratio of 1:1. This inoculum was gassed with CO2 and warmed to 39 C prior to inoculation. The contents of each bottle were filtered through a sintered-glass crucible, and the residue was dried overnight at 105 C; weight loss was reported as percentage of IVRD.
RESULTS AND DISCUSSION Pretreatment of straw. Cellulose and hemicellulose were converted into sugars by the H2SO4 treatment. As the concentration of acid increased, the level of sugar released increased and reached the maximum at 0.5 N H2SO4 (Fig.  1 ). The patterns of sugar liberation were similar for total and reducing sugars. Yield of sugar was maximum, about 30%, when the straw was hydrolyzed with 0.5 N H2SO4 for 30 min at 121 C. Since the acid hydrolysis yields a variety of sugars and their degradation products, accurate measurement of the level of fermentable sugar is difficult; the dinitrosalicilic acid method determines all the reducing groups, thus overstimulating the sugar yield, whereas the phenolsulfuric acid method is relatively insensitive to pentoses.
At all acid concentrations, the yield of sugar at 121 C was 30% higher than the yield at 100 C (Fig. 2) . At room temperature, straw apparently was not hydrolyzed when the acid concentration was 1.4 N or less.
The water-substrate ratio of the acid-straw mixture affected the yield of sugar (Fig. 3) . As the water content was increased, more sugar was liberated from the mixture, until the water-substrate ratio reached 3:1. Beyond this point, no further increase was observed.
Still higher temperatures and stronger acid would increase the extent of hydrolysis. To obtain more extensive hydrolysis would require special equipment to accommodate the severe conditions, and the released sugars would inevitably degrade and condense to form in soluble resins (13) . These degradation products are often found to be inhibitory to microorganisms. In other experiments, when dilute acid (e.g., less than 1 N H2SO4) was used, primarily hemicellulose was hydrolyzed, and the Acid hydrolysis is an expensive step in the commercial production of yeast from cellulosic materials. Thus, to make this process economically feasible, minimum acid, heat, and water must be used. In hydrolysis of ryegrass straw, 0.5 N H2S04, 121 C, and a water-to-substrate ratio of 3:1 appear to be optimum.
After hydrolysis, straw was neutralized with ammonia, which also provided nitrogen for microbial growth. NH3-N is readily used by many microorganisms, including the rumen bacteria. However, efforts to supplement roughages with nonprotein nitrogen have met with limited success (14) . Roughages containing low nitrogen and a high lignocellulosic complex would not permit effective use of nitrogen by the ruminants. Microorganisms, on the other hand, can grow on the treated straw and convert the nonprotein nitrogen into protein nitrogen, which is more effectively used by animals. Ammonia would also increase the digestibility of the roughages. Treatment with 5.2% NH3 increased the digestibility of rice straw by 57% (3, 15) .
Characteristics of the fermented straw. Table 1 shows the levels of various forms of nitrogen in the fermented straws. The NH3 treatment added about 1 in these straws. Of the three organisms tested, A. pullulans provided the greatest increase in the protein content. Table 2 compares the IVRD of fermented and unfermented straws. When grown on straw hydrolyzed at 121 C, C. utilis increased IVRD from 32.67 to 46.65%, more than a 40% increase. Other fermented straw also showed increased IVRD, but to a lesser extent. Thus, the microbial fermentation not only increased protein content but also the digestibility of straw. The digestibility of straw might be increased as the result of combined action of chemical treatment and microbial fermentation, which increased the levels of protein, sugars, fat, minerals, and vitamins in the straw. These are necessary nutrients for the rumen microorganisms. Table 3 lists the chemical composition of the fermented straws. Compared to that of the unfermented straw, the hemicellulose content of the fermented straws decreased by 75 to 97%, whereas the protein content had increased by 300 to 400%. Thus, the acid hydrolysis converted most of the hemicellulose to fermentable sugars, which were used by the microorganisms for protein synthesis. The apparent increase of lignin content in the fermented straws may be due to the inability of the microorganisms to use this compound. Microbial fermentation also increased the crude fat content of the straw from 0.38% to a maximum of 1.89%. Kinetics of semisolid fermentation. Figure 4 shows the fermentation pattern of ryegrass straw by C. utilis. The organism grew rapidly during 18 to 42 h of incubation. During this period, the number of microbial cells increased 20-to 200-fold and thereafter remained in the stationary phase for at least 24 h. During the same period, the level of NH3-N decreased from 1.3 to 0.9% and the pH decreased from 3.8 to 3.3. Total N remained constant throughout the fermentation.
The viable cell number decreased after 66 h of incubation, probably due to cell death after exhaustion of one or more limiting nutrients or growth factors. Since carbon and nitrogen were still in excess, the level of phosphorus or other minerals might have become limiting. The nature of the limiting factors and the optimum conditions for microbial growth are being investigated. Even though the experiment was carried out under unaseptic conditions, no apparent contamination occurred, as revealed by uniform colony types on the agar plates.
Semisolid fermentation process. The straw was first chopped to 0.25-to 1-inch (ca. 0.63 to 2.54 cm) length with a hammer mill or knife grinder, and 1 part of straw was mixed with 3 parts of 0.5 N H2SO4. Excess acid would have no added benefit, but insufficient acid should be inadequate for the maximum release of sugars from the straw. The straw was hydrolyzed in the pressure cooker under 15 lb/in2 steam pressure for 30 min. The hydrolyzed straw was then mixed with ammonia to obtain pH 4.5. Ammonia gas or NH4OH was used for this purpose. When NH4OH was used, about 30 ml of 4 N NH40H was required to neutralize 100 g of straw. Such pretreated straw was then transferred to a fermentor and inoculated with a suitable organism, such as A. pullulkns, C. utilis, or T. viride. A liquid culture or a small portion of recycled fermented straw was used as inoculum.
The fernentation was carried out in a revolving container at room temperature. No heating or cooling of the fermentor was necessary. After fermentation, the straw was dried with hot air. Because of the low pH, limited level of nutrients, and the large inoculum size, 6 Another advantage of this procedure is that it yields a product which in its entirety will probably be useful as an animal feed. This is in contrast to systems of submerged liquid fermentation in which the products must be harvested from the fermentation broth by centrifugation or other costly procedures.
